Our aim was to test the hypothesis that the repeated, binge administration of methamphetamine would produce oxidative stress in the myocardium leading to structural remodeling and impaired left ventricular function.
Introduction
Methamphetamine is a highly addictive sympathomimetic stimulant whose illicit use is a growing problem in the USA. In 2006, methamphetamine accounted for roughly 8% of illicit drug-related emergency room visits nationwide, the majority of which were for cardiac-and cardiovascular-related incidents. 1 A recent retrospective study of hospital discharges in the state of Texas for patients aged 18-44 years revealed a significant association between amphetamine use and acute myocardial infarction. 2 An increasing number of clinical and autopsy reports also link methamphetamine use with angina, tachycardia, hypertension, myocarditis, dilated cardiomyopathy, arrhythmia, and sudden death. 3 -4 The cardiovascular toxicity documented in these clinical reports is often difficult to evaluate due to the lack of data regarding the quantity and frequency of drug administration, the co-administration of other drugs, and the presence of other risk factors such as smoking and diabetes. Most experimental studies of methamphetamine's actions on the heart have focused on its histopathological effects. Daily dosing of rats with methamphetamine (3-5 mg/kg, ip) for 1 week produced contraction bands and myocyte degeneration. 5 After 2 weeks of daily dosing, the hearts showed mitochondrial degeneration with disrupted cristae, myofibrillar hypercontraction, enlargement of the sarcoplasmic reticulum, and loss of myofilaments. 5 -6 In spite of methamphetamine's ability to produce severe cardiac toxicity, surprisingly few controlled studies have systematically documented the changes in cardiac structure and function produced by this drug. A single study in mice showed that daily administration of escalating large doses of methamphetamine (15-40 mg/kg, ip) for 12 weeks decreased cardiac contractile function and produced myocardial fibrosis and concentric left ventricular hypertrophy. 7 Given the paucity of information regarding the effects of long-term methamphetamine administration on the heart, the first goal of this study was to systematically characterize the drug's effects on left ventricular structure and function in rats using an established binge model. 8 The mechanisms underlying methamphetamine-induced cardiac toxicity are largely unknown; 8 -9 however, several lines of evidence suggest that oxidative stress may play an important role. The repeated binge administration of 3,4-methlyeledioxymethamphetamine (ecstasy), a structurally similar amphetamine analogue, produces oxidative stress, eccentric left ventricular dilation, and diastolic dysfunction in the rat heart. 10 Oxidative stress has also been shown to play an important role in the neurotoxic actions of methamphetamine. 11 -12 In mice and rats, administration of methamphetamine increases the levels of reactive oxygen species (ROS) and reactive nitrogen species in the brain. 13 -14 Moreover, methamphetamine-induced neurotoxicity can be prevented by the inhibition of nNOS, the over-expression of superoxide dismutase, or the administration of antioxidants. 15 Therefore, the second goal of this study was to test the hypothesis that oxidative stress is an important mediator of methamphetamine-induced cardiac dysfunction.
Methods

General methods
Experiments were performed using male Sprague -Dawley rats (270-350 g, Harlan, Indianapolis, IN, USA). All procedures were in accordance with National Institutes of Health guidelines for the Care and Use of Experimental Animals (NIH Publication No. 85-23, revised 1996) and were approved by the Institutional Animal Care and Use Committee at Louisiana State University Health Sciences Center. The rats were individually housed in a temperature-and humidity-controlled room with a 12-h light/dark cycle. Standard rat chow and tap water were available ad libitum. A polyurethane catheter (Micro-renathane, 0.033 in od Â 0.014 in id) was placed into the femoral vein under ketamine/xylazine (90/10 mg/kg, ip) anaesthesia. 8 Following surgery, the rats were allowed to recover under a heat lamp and were administered penicillin G (60 000 U, im), buprenorphine (0.1 mg/kg), and fluids. Rats were allowed to recover for 2 days before starting the binge protocol.
Binge dosing protocol
Binge dosing is a common pattern of chronic methamphetamine use characterized by frequent (several times a day) drug administration for a short period ('binge') followed by a period of abstinence. This cyclic pattern of frequent, short-term use, and abstinence is usually repeated many times. The 3 mg/kg dose of methamphetamine was chosen, because it was within the range of doses producing neurotoxicity in rodents and primates. 8, 16 We previously showed that binge administration of this dose also alters vascular responsiveness and produces cardiac inflammation and necrosis in rat myocardium. 8 Three experimental groups were used in these studies. The first group was given twice daily injections of methamphetamine (3 mg/kg, iv) for 4 days. Each dose of methamphetamine (27-35 mL) was followed by a 0.1 mL saline flush. This binge was followed by 10-day drug-free period. Each rat received a total of four methamphetamine binges. The second group received iv injections of saline according to the same schedule. The third group received methamphetamine as described above and was given the superoxide dismutase (SOD)-mimetic tempol (2.5 mM) in their drinking water beginning 1 day before, until 1 day after the conclusion of each binge. 17 -19 The addition of tempol to the drinking water did not affect water consumption (data not shown).
Echocardiographic studies
Echocardiograms were performed in all rats 1 day before the first binge and 1 day after the fourth binge as described previously. 10 In some rats, echocardiograms were also performed 1 day after the second binge. During the echocardiographic examination, the rats were anaesthetized with isoflurane (1 -2% with 2 L/min O 2 ). ECG electrodes were placed in a standard limb configuration to monitor heart rate. Ultrasound images were obtained at 8. 
Measurement of left ventricular function
Left ventricular function was quantified after the fourth binge in saline, methamphetamine, and methamphetamine plus tempol-treated rats using pressure-volume loop analysis. 10 Rats were anaesthetized and ventilated using isoflurane (1 -2% with 2 L/min O 2 ). The right jugular vein was cannulated. A microtip pressure -volume catheter (SPR-838; Millar Instruments) was introduced into the right carotid artery and advanced into the left ventricle. Following a 15 min equilibration period, the pressure and volume signals were continuously recorded (sampling rate 1000 Hz) using the MPVS-400 pressure-volume conductance system (Millar Instruments). Baseline measures of heart rate, peak left ventricular systolic pressure, left ventricular end-diastolic pressure (EDP), enddiastolic volume (EDV), maximal slope of the diastolic pressure increment (2dP/dt), tau, ejection fraction (EF), stroke volume (SV), cardiac output (CO), and adjusted maximal power were computed (Millar PVAN). Load-independent measures of systolic (end-systolic pressure -volume relationship, ESPVR) and diastolic (end-diastolic pressure -volume relationship, EDPVR) functions were determined while varying preload. Preload was altered by partial occlusion of the subdiaphragmatic inferior vena cava. 10 Volume calibration of the pressure-volume catheter was performed as described previously. 10 
Proteomic analysis
After completing the ventricular function studies, the hearts were quickly removed and rinsed in ice-cold PBS. Portions of the mid-wall of the left ventricles were flash frozen in liquid nitrogen and stored at 2808C. Left ventricle lysates from saline, methamphetamine, and methamphetamine plus tempol-treated rats were homogenized using tissue lysis buffer (0.1% Triton X-100, 0.1% deoxycholate, 25 mM HEPES, Ph 7.4, 50 mM NaCl, 1 mM MgCl 2 , 2 mm EGTA, 10 mM pyrophosphate, 10 mg/ mL aprotinin, 10 mg/mL leupeptin, 0.5 mM PMSF, and 500 mM Na 3 VO 4 ) and sonicated. Samples were centrifuged at 10 600 g for 10 min at 48C. Protein concentrations were assessed using a bicinchonic acid assay (Pierce). Two-dimensional PAGE analysis was performed as previously described. 10 Briefly, 600 mg of pooled left ventricle lysates from three hearts per group were immunoprecipitated with anti-nTyr antibodies coupled to agarose beads (Upstate). Immunoprecipitates were resuspended in 150 mL of isoelectric focusing (IEF) buffer. Precast immobilized pH gradient strips (pH 3 -10, Invitrogen) were allowed to rehydrate overnight. IEF was performed using an Invitrogen Zoom runner IEF cell. For the second dimension, strips were placed above standard format mini-gels (5 -15%, Invitrogen). SDS -PAGE gels were stained with Colloidal Blue and visualized via PDQuest image analysis software to identify spots of interest. Gel spots were excised, destained, dried in vacuo, and hydrolyzed 'in-gel' with trypsin at 378C overnight. The trypsin digests were then adjusted with alphahydroxy-cinnamic acid. One microlitre of sample was spotted onto a matrix-assisted laser-desorption ionization time-of-flight (MALDI-TOF) sample plate, and analysed by MALDI-TOF mass spectrometry (MALDI-TOF-MS). The parent polypeptides were identified by comparing the profile of tryptic peptide masses generated by the mass spectrometer with predicted tryptic peptides from all known polypeptides using the MASCOT program.
Dihydroethidium staining for ROS
Dihydroethidium (DHE) staining was used as an indicator of ROS generation. In the presence of superoxide, hydrogen peroxide, or hydroxyl radical, DHE is oxidized to ethidium, which intercalates into nuclear DNA and fluoresces under ultraviolet light (excitation, 500 -530 nm; emission, 590 -620 nm). After the fourth binge, saline, methamphetamine, and methamphetamine plus tempol-treated rats were anaesthetized; DHE (5 mM, 0.3 mL) was injected into left ventricle through the apex of the heart. The DHE was allowed to circulate for 15 min before the hearts were removed. Excised hearts were rinsed in PBS (48C), imbedded in optimum temperature cutting compound and frozen. Four sections were taken from the mid-left ventricular region of each heart (5 mm) and thaw-mounted on glass slides. The sections were examined using a fluorescence microscope and digitally photographed. Fluorescent DHE staining was quantified from the digital images of the left ventricular sections (four sections/heart) using an automated image processing technique. A section of each image was divided into approximately 1000 image blocks (256 Â 256 pixels). To identify fluorescent nuclei in each image block, a local-maximum detection procedure was employed. A low-pass filter (15 Â 15 pixels) was applied over the image to find the background fluorescence. The background was then subtracted from the original image and all the resulting negative pixel values were then replaced with zeros to obtain a background-free image. Pixels in the background-free image corresponding to locally maximum fluorescent intensity were counted as one labelled nucleus. Using this procedure, the number of nuclei was counted within each 256 Â 256 image block. The median value of nuclei counts from all 256 Â 256 blocks was used to determine the nuclei density within each section.
Statistics
Data are expressed as mean + SEM. The echocardiographic, DHE fluorescence, and left ventricular pressure-volume measurements were analysed by one-way ANOVA and difference between means determined by Holm -Sidak non-parametric tests. When comparison among the groups failed the normality test, one-way ANOVA on ranks were performed followed by Dunn's non-parametric tests. P , 0.05 was considered statistically significant.
Results
Methamphetamine produces left ventricular dilation and dysfunction
To characterize the effects of binge methamphetamine on cardiac structure and function, rats were treated with saline (n ¼ 7), methamphetamine (n ¼ 7), or methamphetamine plus tempol (n ¼ 6). Prior to the first binge, the body weights of the saline (311 + 3 g), methamphetamine (313 + 3 g), and methamphetamine plus tempol (310 + 4 g) treated rats were not significantly different.
After the fourth binge, the body weights of the methamphetaminetreated rats were significantly less (348 + 7 g; P , 0.001) than the controls (388 + 3 g) or methamphetamine plus tempol-treated rats (373 + 6 g).
Echocardiography
Echocardiographic parameters of left ventricular structure and function were similar between the three treatment groups before the start of the first binge ( Table 1) . After the second binge, these parameters were again similar except for EDD and ESD which were significantly smaller in the methamphetamine plus tempol-treated group than in saline-treated rats ( Table 1) . One day after the fourth binge, EDD and ESD were significantly larger in methamphetamine than in saline-treated rats ( Table 1 ). In addition, PW d and PW s were significantly thinner in methamphetamine-treated than in saline rats ( Table 1) . Fractional shortening and the ratio of 2 Â PW d /EDD were both significantly reduced in the methamphetamine compared with saline-treated rats ( Table 1) . Treatment with tempol in the drinking water prevented methamphetamine-induced increases in left ventricular diameter and the decreases in PW d and PW s ( Table 1) . Treatment with tempol also prevented the methamphetamineinduced reduction in fractional shortening ( Table 1) . As significant increases in left ventricular diameter and decreases in systolic function were observed after exposure to four methamphetamine binges, we chose this time point to assess the left ventricular pressure-volume relationships in these rats.
Analysis of pressure -volume relationships
Left ventricular function was assessed using a high-fidelity pressurevolume catheter in the saline (n ¼ 5), methamphetamine (n ¼ 5), and methamphetamine plus tempol (n ¼ 6) treated rats under baseline conditions and at different EDVs. Owing to technical problems, pressure-volume data could not be obtained from two of the saline and two of the methamphetamine-treated rats.
Prior to inserting the pressure-volume catheter, baseline heart rates were the same between the three groups ( Table 2 ). Figure 1 shows representative pressure -volume loops generated in a rat from each of the treatment groups 1 day after the fourth binge. Table 2 summarizes the pressure-volume data for all the animals. When compared with saline, treatment with methamphetamine significantly increased EDV and EDP (Figures 1 and 2, Table 2 ) and significantly decreased adjusted maximal power and EF (Figure 2) . Treatment with methamphetamine alone, also significantly increased tau (isovolumetric relaxation time constant) and 2dP/dt indicating impaired ventricular relaxation (Figure 2 ). EDPVR and ESPVR were not significantly different between saline-and methamphetaminetreated rats ( Figure 1 and Table 2 ). SV, CO, and peak systolic pressure were also not significantly different between saline-and methamphetamine-treated rats (Figure 2) .
Treatment with tempol prevented methamphetamine-induced increases in EDV and EDP ( Figure 2 and Table 2 ). Adjusted maximal power and EF in rats treated with methamphetamine plus tempol were significantly greater than in rats treated with methamphetamine alone and were similar to those in saline-treated rats (Figure 2) . Treatment with tempol also blocked the methamphetamine-induced increases in tau and prevented the methamphetamine-induced decrease in 2dP/dt (Figure 2) . Except for peak systolic pressure, which was significantly increased after treatment with methamphetamine plus tempol, there were no significant differences in cardiac structure or function between methamphetamine plus tempol-and saline-treated rats ( Figure 1 and Table 2 ).
Methamphetamine increases ROS in the heart
Separate groups of rats were subject to four binges of saline (n ¼ 3), methamphetamine (n ¼ 3), or methamphetamine plus tempol (n ¼ 3). Echocardiography was used to confirm that four binges of methamphetamine had significantly increased EDD and decreased EF and that tempol had effectively blocked these effects. Figure 3 shows representative examples of DHE fluorescence in mid-left ventricular wall from a rat from each treatment group. Figure 4 compares the amount of DHE fluorescence (punctuate staining per pixel) between the groups. Treatment with methamphetamine significantly increased DHE fluorescence in the heart (Figures 3 and 4) . Treatment with tempol reduced, but did not prevent the methamphetamine-mediated increase in ROS (Figures 3 and 4) .
Nitration of cardiac proteins
To determine whether the increase in ROS detected by DHE staining resulted in the redox modification of cardiac proteins, we used 2D electrophoresis to detect proteins with nitrated tyrosine residues. Peroxynitrite leads to nitration of tyrosine residues on proteins. Peroxynitrite is formed by a diffusion-limited reaction of both superoxide and nitric oxide. After finishing the ventricular function studies, the hearts were removed and left ventricular tissue lysates were prepared from the hearts of three rats randomly selected from each of the three treatment groups. The pooled lysates from each group were immunoprecipitated using anti-nitrotyrosine antibody. N-Tyr immunoprecipitates were separated by two-dimensional PAGE; spots differentially nitrated between the saline and methamphetamine treatment groups were identified using MALDI-TOF-MS. Differentially nitrated proteins in the methamphetamine treatment group clustered into two classes: myofilament proteins (desmin, myosin light chain) and mitochondrial proteins (ATP synthase, NADH dehydrogenase, cytochrome c oxidase, and prohibitin) ( Table 3 ). The same pattern of protein nitration in methamphetamine-treated hearts was observed in the hearts from rats treated with methamphetamine plus tempol; however, the staining of the spots in the tempol-treated samples was less intense. The level of nitrated protein in the 2D gels could not quantified.
Discussion
This is the first study to systematically show that repeated binge administration of methamphetamine produces left ventricular dilation as well as systolic and diastolic dysfunction in rats. Moreover, we demonstrate for the first time that the SOD-mimetic tempol can prevent the drug-induced structural and functional derangements, thereby indicating that oxidative stress is an important causative factor in the development of methamphetamine-induced cardiac dysfunction.
As demonstrated by serial echocardiography and the analysis of pressure-volume data, binge administration of methamphetamine significantly increased left ventricular volume and decreased ventricular wall thickness during systole and diastole. The ratio of 2 Â PW d /EDD, a measure used to distinguish hypertrophic changes, was significantly smaller in methamphetamine than in saline-treated rats indicating the development of eccentric left ventricular dilation. Table 1 Echocardiographic parameters in saline (n 5 7), methamphetamine (n 5 7), and methamphetamine plus tempol (n 5 6) treated rats 1 day before the start of the first and second binge and 1 day after the fourth binge methamphetamine abuse with eccentric dilated cardiomyopathy. 3,20 -21 In contrast to the eccentric changes observed in our study, Yu et al. 7 showed that the daily administration of escalating doses of methamphetamine (15-40 mg/kg, ip) in mice over a 12-week period produced concentric left ventricular hypertrophy and reduced ventricular performance. Whether the ability of methamphetamine to produce different hypertrophic responses in the hearts of rats and mice reflects differences in the dosing paradigms or is a species specific phenomenon remains to be determined. The eccentric left ventricular dilation produced by the binge administration of methamphetamine was accompanied by impaired systolic performances indicated by decreases in EF, fractional shortening, and adjusted maximal power. Similar changes in EF and fractional shortening have also been reported in human case studies. 20 Although methamphetamine decreased systolic function, ESPVR (a measure of contractility) was not significantly reduced by the administration of the drug. A possible explanation for this observation is the activation of compensatory neural/humoral and/or structural mechanisms during early systolic dysfunction preventing the expected decline in ESPVR. 22 -23 Evidence for cardiac compensation is provided by the fact that SV and CO in methamphetamine-and saline-treated rats were similar, in spite of the significant increase in left ventricular volume. We anticipate that continued administration of methamphetamine would ultimately lead to uncompensated heart failure and a significant decrease is ESPVR. As evidenced by DHE staining, treatment with methamphetamine significantly increased ROS production resulting in increased nitration of contractile and mitochondrial proteins in the heart. More importantly, treatment with tempol blocked the left ventricular dilation and systolic dysfunction produced by the binge administration of methamphetamine. Tempol also significantly reduced, but did not eliminate methamphetamine-induced increases in ROS. Nevertheless, the reduction in ROS was sufficient to prevent methamphetamine-mediated decreases in systolic function and ventricular dilation.
The increased nitration of cardiac contractile and structural proteins provides further evidence that methamphetamine produces oxidative stress in the heart and may provide clues to the mechanisms underlying the systolic and diastolic dysfunction. Desmin, an intermediate filament, has structural, sensory, and signalling roles in normal and diseased cardiac myocytes. 24 Increased nitration of desmin has been reported during cardiac hypertrophy and congestive heart failure. 25 The specific effect nitration has on the function of this protein is unknown; however, we recently showed that desmin is nitrated after the binge administration of the amphetamine analogue 3,4-methylenedioxymethamphetamine which also induced structural changes and functional deficits in the rat heart. 10 Methamphetamine also produced diastolic dysfunction. It is generally accepted that diastolic dysfunction may precede systolic dysfunction and contribute to the progression of heart failure through changes in compliance and relaxation. 26 -27 Treatment with methamphetamine significantly impaired relaxation as indicated by the increases in tau and 2dP/dt; however, EDPVR was unchanged, suggesting that the diastolic impairment reflected changes in relaxation, rather than changes in compliance or the extracellular matrix. This possibility is further supported by the observed parallel increases in EDV and EDP (Table 2 ) and the nitration of mitochondrial and structural proteins known to contribute to ATP synthesis and relaxation. Although we did not measure mitochondrial production of ATP, treatment with methamphetamine and the associated oxidative stress led to the nitration of complex I (NADH dehydrogenase), complex IV (cytochrome c oxidase), and complex V (ATP synthase) of the mitochondrial electron transport chain. The redox modification of components within the mitochondrial transport chain can decrease energy production and increase the production of ROS. 25 For example, nitration of complexes I and V decreases the production of ATP. 28 -29 Redox-mediated changes in mitochondrial function are also thought to underlie many of the drug's neurotoxic effects. 30 Although tempol significantly reduced ROS production and prevented methamphetamine-induced ventricular dilation and systolic dysfunction, it did not prevent the tyrosine nitration of the mitochondrial proteins or the diastolic dysfunction. These findings further support a link between mitochondrial energy production and diastolic function. Alternatively, methamphetamine may produce diastolic dysfunction independent of increased ROS. Methamphetamine treatment also resulted in the nitration of prohibitin. Prohibitin is a highly conserved protein that is predominantly located in the inner mitochondrial membrane. This protein is thought to regulate mitosis, apoptosis, and assembly of mitochondrial respiratory chain enzymes. 31 Although its role in the heart is unclear, there is evidence that prohibitin is involved in the maintenance and function of complex I. Whether the nitration of prohibitin decreases ATP production by altering the assembly of mitochondrial electron transport chain complexes remains to be tested.
Limitations
As methamphetamine can increase arterial pressure, we cannot completely discount the possibility that haemodynamic factors, such as methamphetamine-induced increases in afterload could have produced eccentric left ventricular dilation and oxidative stress. However, we previously reported that binge doses of methamphetamine (3 mg/kg, iv, bid), elicits a two-part pressor response in conscious, telemetered rats consisting of a rapid increase in arterial pressure (28 mmHg) lasting ,30 s, followed by a smaller, more prolonged increase in pressure (10 mmHg) lasting 15 -20 min. 8 Although sensitization developed to initial pressor response elicited by the drug between binges, this sensitization was only evident for the first four doses within in the binge. Given the relatively short duration of the pressor responses and the fact that drug treatment did not increase baseline arterial pressure, it is unlikely that increased afterload was responsible for the observed eccentric left ventricular dilation. Moreover, increased afterload would have been expected to produce concentric, rather than eccentric ventricular dilation. Our data describe a very early stage of methamphetamine-induced heart failure; whether haemodynamic factors would be involved if the heart progressed to overt or decompensated failure with continued drug administration is not known. Other mechanisms that could potentially be involved in the evolution to decompensated failure include neurohumoral activation, changes in beta-adrenergic receptor number or signalling, or coronary vascular dysfunction (e.g. changes in eNOS, endothelin, or others). Supporting these possible mechanisms, we previously showed that the binge administration of methamphetamine significantly impaired the vasodilator response to acetylcholine and nitroprusside, possibly due to increased oxidative stress and/or impairment of the nitric oxide system. 8 In contrast, the arterial pressure and heart rate responses to phenylephrine and isoproterenol were not altered after the binge administration of the methamphetamine. 8 
Summary and conclusions
To our knowledge, this study provides the first conclusive evidence that oxidative stress plays an important role in mediating the left ventricular dilation and dysfunction produced in response to the binge administration of methamphetamine. The mechanism(s) whereby this drug increases oxidative stress in the heart remains largely unknown. Clinical and experimental reports show that exposure to high levels of circulating catecholamine produces a pattern of cardiac toxicity which in many ways resembles that produced by methamphetamine. 32 Given that methamphetamine increases synaptic and circulating levels of catecholamines, many authors have speculated that excessive catecholaminergic stimulation is involved in the drug's cardiotoxic actions. High levels of catecholamine can produce oxidative stress by both direct and indirect actions. In high concentrations, catecholamines can undergo auto-oxidation or degradation by monoamine oxidase, resulting in the formation of quinones and semiquinones which can undergo redox cycling thus producing large amounts of superoxide. 33, 34 High catecholamine levels during binge dosing may also produce episodes of catecholamine-mediated coronary vasoconstriction followed by reperfusion leading to the activation of xanthine oxidase, leucocyte activation, and/or mitochondrial dysfunction, all of which would increase the production of ROS and/ or reactive nitrogen species. Identification of the mechanisms responsible for generating methamphetamine-induced oxidative stress will be important for devising treatments to protect individuals from the cardiotoxic actions of this drug.
